A simple and sensitive method for the determination of 21 polyphenolic compounds in wastewater from olive oil production plants is proposed. The method involves a liquid-liquid microextraction (LLME) procedure with ethyl acetate followed by a silylation step. Identification and quantification have been performed by gas chromatography-mass spectrometry (GC-MS). MS measurements were carried out using selected ion monitoring mode (SIM). ␣-Naftol was used as internal standard. The proposed method was applied to the determination of these compounds in wastewater from an olive oil production factory in Jaén (Spain) at concentration levels ranging from 1.0 to 75.0 g ml −1 for each compound. The autodegradation process by own microbiota in samples collected in three different points of the factory was also studied. The method was validated by a recovery assay with spiked samples.
Introduction
In the last years a large amount of scientific studies have demonstrated the healthy properties of olive oil. Virgin olive oil is a fundamental ingredient of the Mediterranean diet and, over the past few years, its diffusion and consumption has spread remarkably outside the Mediterranean basin [1] . The incidence of cancer and heart disease is considerably lower within this geographical area compared to the rest of Europe. The scientific studies have linked these health benefits increasing olive oil consumption [2, 3] .
However, during production of olive oil, a high organic content water is generated as a by-product of mechanical extraction. This waste, that contains powerful contaminants, is called commonly wastewater olive oil (WWOO). The residue is a complex mixture of water, sugars, nitrogenous substances, organic acids, * Corresponding author. Tel.: +34 958 243326; fax: +34 958 243328.
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pectins, mucilages and tannins, lipids and inorganic substances. All of them have poor biodegradability and high phytotoxicity due to the presence of a large amount of phenolic compounds (PCs), free fatty acids and inorganic salts (mainly potassium salts) [4] . Although the fruit variety and the production process employed in the manufacture of the olive oil have a significant impact on the amount and composition of the residue, polar compounds, as phenolic, end up into the waste in extraction process, rendering this by-product a potential source of harm [5, 6] .
In the last years it has been demonstrated that these compounds are strong natural antioxidants and they have in vitro biological activities [7, 8] . This has attracted considerable attention and stimulated research on its potential role as a preservative in foods or cosmetics [9] [10] [11] . Therefore, it is of crucial importance to know the phenolic composition of the residue in order to propose analytical methodologies to check polyphenol contents into this matrix. The classical method for total polyphenols quantification is a colorimetric procedure using the Folin-Ciocalteu reagent [6] . In recent years, it has been shown that the new methodologies provided for the separation and quantitative determination of individual PCs by either gas chromatography (GC) or liquid chromatography (LC) are much more satisfactory [10] [11] [12] [13] [14] .
In complex matrices as WWOO the key to the PCs determination is the preliminary sample processing, which requires a previous separation of the phenolic fraction from the other constituents present in the samples. Liquid-liquid microextraction (LLME) is essentially a simultaneous extraction and concentration procedure suitable for the analysis of a wide range of organic trace compounds in water, and it has been selected for this purpose [15, 16] . The principle of LLME is the mixture of a large volume of aqueous sample with a very small volume of organic solvent that previous stirring, separation and drying can be directly analysed without any further treatment. It can be easily performed with basic equipment and low manpower. Inconveniences arising from large solvent volumes and interference from solid phase extraction materials are avoided. Furthermore, LLME offers the possibility of lowering the cost and time needed for the analysis. In addition, the use of micro methods in which the amount of organic solvents is very small reduces damage to the environment.
Here, a new analytical method based on application of gas chromatography coupled mass spectrometry (GC-MS) with a LLME step for the determination of 21 phenolic compounds is proposed. The analytical performance of the method has been established and the method has been applied to the study of degradation of these compounds in WWOO from different points in an olive oil plant from Jaén (Spain).
Experimental

Apparatus and software
Gas chromatographic analysis was performed using an Agilent 6890 Series GS System (Agilent Technologies, Wilmintong, DE, USA) gas chromatograph fitted with a splitless injector for a low background HP-5MS fused silica capillary column (60 m × 0.25 mm i.d. × 0.25 m film thickness) supplied by Agilent. A silanized injector liner split/splitless (2 mm i.d.) was used. Detection was carried out with a 5973 mass-selective single quadrupole detector (Agilent Technologies). The GC-MS operation control and the data process were carried out by ChemStation software package (Agilent Technologies).
The injector temperature was 250 • C. The oven temperature was held at 90 • C for 1 min, then increased to 220 • C at a heating rate of 6 • C min −1 , then to 290 • C at 10 • C min −1 and held for 1.23 min and finally to 310 • C at a rate of 40 • C min −1 and the temperature was held for 7.5 min. The total run time was 38.5 min. The detector temperature was 280 • C.
The carrier gas used was helium (purity 99.999%) at a flow rate of 1.0 ml min −1 . The samples were injected in the splitless mode and the splitter was opened after 5 min (delay time). The sample volume in the direct injection mode was 1 l.
The conditions for electron impact ionization (EI) were an ion energy of 70 eV and the mass range scanned was 140-465 m/z. The MS was tuned everyday to m/z 69, 219 and 502 with perfluorotributylamine (PFTBA) as a calibration standard. Single ion monitoring (SIM) acquisition mode (dwell time 100 ms/ion) was used.
Reagents
All reagents were of analytical reagent grade unless stated otherwise. Water was purified with a Milli-Q plus system (Millipore, Bedford, MA, USA).
Stock solutions of polyphenols (Sigma, St. Louis, MO, USA) containing 1000 g ml −1 were prepared in absolute ethanol 99% (v/v) (Panreac, Barcelona, Spain). The solutions were stored in glass dark bottles at 4 • C, remaining stable for at least 3 months. These solutions were used to spike blank samples.
A standard solution of 1000 g ml −1 of ␣-naftol (Sigma) in ethanol was used as internal standard after adequate dilution to a final concentration of 50 g ml −1 in samples. A mixture of N,o-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and pyridine (Sigma) in ethyl acetate was used as the silylation reagent.
Sample treatment
Natural samples
WWOO samples were collected from an olive oil production plant in Jaén (Spain) and stored in 1000 ml low density polypropylene airtight containers at −20 • C until use. Samples were picked up in three different points in the olive oil production plant: centrifugation, wastewater pool where the residue is definitively placed and in a third place called "alpechinera" located inside the factory. Samples were also diluted with pure water to 60 and 20% (v/v) in order to compare the degradation of polyphenolic compounds after and before dilution.
Blank samples
Samples free of analytes were obtained by degradation of total phenols by using microorganisms as described by Amhajji et al. [17] . The blank samples appear to be completely free of interesting analytes. They were sterilized at 0.5 atm for 30 min in order to remove microorganisms and to avoid autodegradation by WWOO own microbiota being finally stored in 1000 ml low density polypropylene airtight containers at 4 • C until use.
Analytical procedure
Two millilitres of sample previously acidified (pH 3) and spiked with a 50 g ml −1 of ␣-naftol was transferred to a separatory funnel. The sample was saturated with NaCl and 0.5 ml of ethyl acetate was added. The mixture was mechanically shaken for 1 min at room-temperature and the organic phase was allowed to drip into a glass funnel filled with anhydrous sodium sulfate to dehydrate it. The extraction was repeated twice and organic phases were all mixed. Next, the sample was evaporated to near dryness under nitrogen and transferred to a 200 l microvial. After evaporation to dryness under nitrogen, the vial was stoppered because silylderivatives tend to be sensitive to moisture. Fifty microlitres of BSTFA-pyridine-ethyl acetate (4:1:5, v/v/v) was added and the mixture was mechanically shaked for 2 min at room-temperature. At this point the samples were ready to be injected into the gas chromatograph-mass spectrometer.
Moisture is a major competitor of phenolic hydroxyl groups during derivatization with the mixture BSTFA-pyridine and can produce low recoveries. To avoid the problem all reagents used in silylation were previously dried adding anhydrous sodium sulphate. It was checked that the silylated compounds were stable at room-temperature and in the darkness for at least 1 week.
Results and discussion
Liquid-liquid microextraction procedure
Quantitative extraction of phenolic compounds in natural matrices is difficult. Therefore, tests of recovery were carried out to ensure effectiveness of the extraction procedure of phenolic compounds from matrix. A LLME procedure was selected as appropriate for analyte extraction.
The pH influence of the medium in the extraction efficiency of polyphenols was studied. It was observed that the extraction efficiency is maximum for acid pH values. This behaviour could be attributed to a drop in the extraction efficiency of compound because the dissociated form remains in aqueous phase. Therefore, compounds extractions were carried out at pH 3 adding hydrochloric acid solution.
Organic extracting solvent ethyl ether, n-hexane, dichloromethane, trichloromethane and ethyl acetate were tested. Due to the good recovery obtained for all compounds and the lower boiling point for solvent removing, ethyl acetate was selected as the most adequate extracting agent.
The volume of organic solvent to be used and the ionic strength of the medium were also optimised. Saturation with sodium chloride and 0.5 ml of solvent bring near us the optimum values obtained for all compounds.
Derivatization of the analytes
A comparison between different combinations of derivatization agents was carried out. Pure BSTFA, BSTFA with 1% TMCS (v/v), BSTFA diluted in ethyl acetate and in the presence of pyridine were tested. The best results were obtained by using a mixture of BSTFA and pyridine (4:1, v/v).
The optimisation of the derivatization method was carried out by applying the experimental design methodology. The effect of varying the concentration of BSTFA/pyridine, temperature and reaction time was tested on the analytical response corresponding to a mixture of selected polyphenols. The three factors were simultaneously optimised by application of a 2 3 central composite design plus face centred (with three centred points). Considering the results obtained from the established response surface, the following optima values were found: a mixture of 20:5:25 (v/v/v) BSTFA-pyridine-ethyl acetate coupled to a reaction time of 2 min at room-temperature is enough to get an adequate derivatization. The application of experi- mental designs was carried out using the Statgraphics software package [18] .
Analytical characteristics of the method
Calibration model for the GC-MS method was built by injecting 1 l of different standard solutions at concentrations ranging from 1.0 to 75.0 g ml −1 . This also allowed the establishment of the retention time and the mass fragmentation of each compound. Table 1 shows the most important fragments for each one used for SIM mode.
Analytical performance was established according to the Analytical Methods Committee [19] , the lack-of-fit test was applied to two replicates and three injections of each standard. The results for the intercept (a), slope (b), correlation coefficient (R 2 ) and probability level of the lack-of-fit test, P lof (%), are summarised in Table 2 . Thus, the data yield shows good linearity within the stated ranges. The precision, determined as relative standard deviation (R.S.D.), was measured for an amount of 25 g ml −1 in each analyte by performing 10 independent determinations.
Limits of detection were calculated in order to determine analytes present in real samples. In this paper criteria for method performance have been proposed that include the decision limit, CC α , and the detection capability, CC β [20] . The decision limit, CC α , is the limit from which it can be decided that a sample is contaminated with an error probability of α. The detection capability, CC β , is the smallest content of the analyte that may be detected, identified and/or quantified in a sample with an error Table 2 Analytical and statistical parameters n: number of measurements; a: intercept; S a : intercept standard deviation; b: slope; S b : slope standard deviation; R: determination coefficient; LDR: linear dynamic range; CC α,0.05 : decision limit; CC β,0.05 : detection capability; R.S.D.: relative standard deviation; S y/x : regression standard deviation; P lof : P-value for lack-of-fit test. Table 3 Recovery assay for polyphenolic compounds in spiked wastewater olive oil probability of β. Decision limit and detection capacity which are better adjusted to a statistical evaluation are implemented. Thus, CC α (α = 5%) and CC β (β = 5%) were calculated and the results obtained are also summarised in Table 2 .
Application of the method to natural samples
A recovery assay with spiked samples was carried out. The recovery values for three replicate samples at three concentration levels of each compound are shown in Table 3 .
The concentration of each phenolic compound was determined by direct interpolation in the standard calibration curve within their linear dynamic range. Recoveries are close to 100% in all cases.
The method was applied to the determination of the analytes in diluted and non-diluted natural wastewater olive oil samples collected from the olive oil factory in Jaén (Spain). The degradation of these compounds by WWOO own microbiota after incubation for a week at 30 • C and 150 rpm was also studied. Physical parameters as pH, density and conductivity were controlled in the process and chemical and biological oxygen demands were determined too. A representative chromatogram of a sample is depicted in Fig. 1 . Table 4 shows the evolution of found polyphenol concentrations in analysed samples.
As it is shown in Table 4 , sample dilution does not seem to be related with improving degradation of polyphenolic compounds present in WWOO. Moreover, a high variability in degradation percentages of each compound in the samples picked up at different points has been found. This behaviour could be accounted for the different composition of microbiota in the sampling points. Finally, compounds as caffeic or p-coumaric acids are 100% degradated in any experimental condition while compounds as tyrosol or 2-dihydroxyphenylethanol presents in higher concentration in WWOO show lower degradation percentages. 
Conclusions
A simple and low cost method for the simultaneous determination of 21 polyphenolic compounds in wastewater olive oil samples is proposed. A liquid-liquid microextraction procedure is used in conjunction with a silyl derivatization for the analysis of the compounds by gas chromatography-mass spectrometry. The method has been applied to samples from different sources and consequently, with different composition. The appropriate sample collection and conservation in conjunction with a previous centrifugation allows good recovery values in all cases as demonstrated by the validation procedure employed.
